Playing surface stability of a sports field has often been a problem for sand-based media. Many factors, such as particle size, particle-size gradation, shape/roundness, water content, and plant materials may affect the surface stability. The relative importance of these
used Fourier series expansion of the radius for the coordinates of peripheral points about the center of mass to quantitatively express the grain shape and roundness information. This Fourier series expansion has basically the same information as a two-dimensional digital image would. With advances of computer technology, more models have been suggested to describe grain shape and roundness through digitized data analysis (Medalia, 1970; Tsubaki et al., 1975; Russ, 1995) . Semi-automated, three-dimensional measurement of the shape and roundness using a laser interferometer and computer processor was reported by Klingsporn (1979) .
Although various authors have defined the sphericity and roundness indices differently, it is generally agreed that sphericity and roundness express the particle outline and detailed features, respectively, and that the two factors can actually be combined into a single index. In practice, however, either the computer-assisted two-dimensional analysis or a visual chart is used to evaluate the grain shape and roundness. An example of the latter is shown in the United States Golf Association (USGA) specification for golf green root zone construction, where a visual chart is used to assign qualitatively a category of sphericity and roundness to the sand grains (Hummel, 1993) . The difficulty of describing sphericity index using surface area as suggested by Wadell (1932) lies in the fact that conventional methods are not sensitive enough for measuring sand surface area. By these methods, the adsorption of nitrogen gas (N 2 ) is fitted to the Brunauer-Emmett-Teller (BET) equation, or the weight increase of a monolayer of ethylene glycol mono ether (EGMB) as adsorbed to the surface is determined to calculate the specific surface area (Jury et al., 1991) . These small weight increases are often beyond the sensitivity range of most balances.
Ideally, shape and roundness indices, which are designed to predict the surface itability of sand-based media, should reflect the three-dimensional information of the sand ;rains and should be sensitive and convenient to use. Because stability is a population effect,
.uch an index also should be able to represent a large population of sand particles.
?urthermore, sand particles should be able to interlock or compress through large contacted areas to form a stable surface. Thus the surface area should be included in the index. With those considerations in mind, we proposed a roughness index (L) to evaluate sand shape and roundness: [1] where S is the measured surface of the sand particle and Ssphere is the surface area of the particle if it is an equivalent sphere of the same volume.
In order to measure the surface, we developed a dye method that involves coating the sand surface with dye and measuring the dye solution that is washed off the sand surface with a spectrophotometer. According to Lambert-Beer law, if we use a dye with high molar extinction coefficient, we can greatly increase the sensitivity in measuring the dye adsorbed by the sand surface.
The primary objective of this study was to test the validity of the dye method we proposed to measure I, of sand particles. A second objective was to compare the effectiveness of different indices in predicting dry sand stability without the contributions from grass roots and other enforcing elements. The indices used in this study include If' particle size, coefficient of uniformity (CD), surface smoothness, and other shape factors calculated from two-dimensional digital image analysis.
MA TERIALS AND METHODS
The materials used in this study were chosen to cover a wide range of shape and roundness by visual observation. In order to test the methodology, we used glass beads as the base line. We also crushed glass to make a very angular sample. The materials are summarized in Table 1 . All materials were washed free of silt-and clay-sized particles with distilled water before use in evaluation. The amount of silt-and clay-sized particles was generally negligible except for the crushed brick. The materials were oven dried at 105°C
for 24 hr and sieved for 5 min with an SCS Scientific sieve-shaker. Three sample replications were used for all measurements.
ar Sieve Calibration
Glass beads, 100 g, were sieved as described above. The beads that were trapped on each sieve were collected, and the diameters were measured under a microscope using a aT Unitron L2ML Ocular micrometer. The diameter measured was assumed as the actual aperture size of the sieves and was drawn against the expected standard size. There was a very good agreement between the actual size and factory-made specifications.
Angle at Repose
For dry soil, the shear stress can be expressed by the Mohr-Coulomb equation: where Tf is the shear stress, C is the cohesion, 0' is the normal stress, and <I> is the angle of internal friction (Das, 1998) . Since our test materials were washed free of silt and clay, the resulting sand was considered to be noncohesive (C = 0). Therefore, the shear stress of this material is decided by <1>. Furthermore, it is assumed that <I> equals the angle at repose (Morris, 1959) , which is a measurable parameter. Angle at repose is assumed to be the best measure of surface stability. Other methods evaluated, such as roughness index, image analysis, and coefficient of friction, were correlated with angle at repose.
A funnel method was designed to test the angle at repose. By this method, a funnel was set on the base of a microscope and could be raised slowly and steadily with the focus knobs, and the speed of the sand flowing through the funnel could be controlled. A circular scale of 1-mm intervals was set on the base to measure the diameter of the pile, and a caliper was set on top of the microscope to measure the pile height. The diameter and pile height were measured to calculate the angle at repose. Twenty grams of each separate size range of the samples and 20 g of the bulk samples were replicated three times in this measurement.
Measurement of Roughness Index
Two grams of materials from each size range was loaded into a buchner funnel lined with a pre-wetted layer of Whatman" No.1 filter paper. Two milliliters of 1.0 mM aniline blue in a pH 6.0 potassium phosphate buffer (0.1 M) was added, and the funnel was covered with a rubber stopper. After 1 min of equilibration, vacuum was applied at -0. line, surface areas were derived for other materials.
The particle density (p) of the materials was measured with a glass pycnometer. The particle number (n) of materials was derived by weighing the material of known particle number. The particles were counted either directly or under a microscope equipped with a
Hausser and Levy-Hausser Hy-lite Corpuscle Counting Chamber. Average weight (w) of a particle in the material (W) will be determined by:
[3]
Average volume (v) of a particle is:
assuming that the particles of known volume (v) are uniform spheres. The average radius of these spheres (r) will be determined from the following equations:
[6]
The average surface area (Sb) of these imaginary spheres will be
[7]
The actual average surface area (Sm) of the measured total surface area (S) in the material is Sm= SIn.
[8]
, The If of a material was then calculated by substituting equations 7 and 8 into equation 1:
where S is the surface area (ern") of the material, W is the weight (g) of the material, p is the particle density (g em") of the material and n is the number of particles in the material.
Weighted mean of If for the bulk material, was calculated based on the weight percentage retained on each sieve.
Coefficient of Uniformity
Particle-size distribution curve was established from the cumulative material passing a certain aperture size versus the log scale of the sieve aperture size. CU was calculated as [10] where D 60 is the nominal diameter at which 60% of the materials passed through, and D lO is the nominal diameter at which 10% of the materials passed through.
Coefficient of Friction
To measure the sand coefficient of friction (J.!), two pieces of 15 cm of solventresistant masking tape (#2040, 3M Masking & Packaging Systems Division, St. Paul, MN 55144-1000, USA) were cut and placed with the adhesive side down on top of the pretreated material to be tested in a petri dish. The free particles were brushed away gently, and the "sand paper-like" strips were left undisturbed for 5 min before strain testing. One piece of the sand paper was clamped face up on top of a wood block. Another piece of sand paper was placed face down on top of the first one so that they exactly matched. A glass microscope slide (75 x 25 mm) was placed on top of the two pieces of sand paper, and a 908 g of weight was placed on top of the glass slide. A force gauge, connected to the top sand paper, was slowly pulled in a horizontal direction until the sand paper started moving. The force gauge measured the maximum force (FmaJ needed to cause movement of the upper sand paper relative to the lower sand paper. Ten readings were taken for each pair of the sand paper strips, and the average data were used in the calculation. Each measurement involved three replications. During the test, there was negligible particle dropping off from the masking tape, as long as the particle size was less than 0.25 mm. Therefore, the measurements were taken for the particle size range 0.25 to 0.053 mm for each material in this study.
The coefficient of friction (J!) (Giancoli, 1985) was calculated as:
Weighted mean of J! was calculated based on the weight percentage retained on each sieve ranging from 0.25 to 0.053 mm for each material.
Image Analysis
. Particles of each size range were spread over a glass petri dish and photographed through a microscope with a digital camera. The two-dimensional image was analyzed with a software package NIH Image 1.62c, which provides the area (S), perimeter (P), major axis (D rnax )' and minor axis (Dmin).
Aspect ratio = Drna/Dmin.
In order to create an index of shape/roundness from the image analysis for bulk materials, the weighted mean was calculated based on the weight percentage retained on each
[12]
[13]
[14]
sieve.
Statistics
A completely randomized design was used to test angle at repose, If' and coefficient of friction. Treatments consisting of materials and particle sizes were arranged in a factorial analysis with three replications. Treatment and interaction effects were tested for these experiments. The CD values were averaged from three replications. With image analysis, total number of particles in each particle size range were pooled together, and only standard deviations were calculated.
Values of angle at repose, If' coefficient of friction, form factor, roundness, and aspect ratio from the bulk samples were used for correlation and principle component analysis using SAS 6.12 (SAS Institute, Inc., 1989).
RESUL TS AND DISCUSSION

Angle at Repose
The angle at repose is affected by particle size, particle gradation, and shape/roundness factors that together influence sand media stability. The angle at repose of the materials increased as particle size decreased (Table 2), suggesting that particle size may affect the angle at repose. This was obvious for the glass beads, because the particle size in each range was very uniform, whereas for other materials there could be a size gradation effect due to the greater variation within a given particle size range. The gradation effect on the angle at repose can be seen more clearly from the bulk samples, where the angle at repose is either higher than, or at least close to the highest value in the separate size ranges.
Although perfectly round glass beads had the lowest angle at repose, some visually observed angular materials do not always have a higher value of angle at repose in the separate size ranges, such as for Sidley Pro/Angle material (Table 2) . This may be due to the fact that there are interactions between the particle shape/roundness index and the particle size and gradation.
Analysis of variance of the data did show significant interactions between particle size and materials in this study (F = 9.25, P <0.0001). Our results agree with that reported by Morris (1959) in that some highly angular sand may not have a corresponding high angle at repose unless the material is more compressed.
Roughness Index
Giles and Nakhwa (1962) found good agreement between the nitrogen adsorption method and an anthraquinone acid wool dye method for the surface area measurement of quartz and titania. Our method related directly the amount of washed dye to the known surface area of glass beads (Fig. 1 ).
Other parameters that are needed to calculate If are listed in Table 1 . The If calculated from the dye method showed that artificially crushed glass was the most angular and unspherical material, followed by DF-1000 and Sidley Pro/Angle produced from crushed stones ( Table   3 ). The crushed brick was not included in this measurement, because its porous structure was not suitable for the method. The If values of different particle-size ranges differ
significantly for all the materials tested in this study. The If index was able to enumerate visually observed differences ( Table 1 ). Notice that If decreased as the particle size decreased, suggesting that as particle size becomes smaller, the angles may be rounded by 
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::s U Q fI:: C/5 o:l o:l C/5 u u~ natural attrition and friction. Our results are different from earlier reports (Wadell, 1934) , where particle angularity increased as particle size decreased. One possible reason for the discrepancy could be that the evaluation by Wadell was based on two-dimensional observation, whereas I, in this study is based on three-dimensional analysis. Sand particles tend to land preferably on certain flat faces instead of randomly landing on each face. In addition, flat particles tend to break into smaller particles (Wadell, 1934) . As a result the two-dimensional image looks more angular than the three-dimensional image for the fine particles.
Coefficient of Friction
The surface characteristics tested on the sand paper strips by a force gauge showed that as particle size decreased,~increased (Table 4 ). This was due in part to the increased contact area between particles. Values of coefficient of friction varied from 0.77 to 1.11 for the natural materials, and the range may not be broad enough for practical use. Another limitation of this method is that large particles, greater than 0.25 mm, could not be glued tight enough to the masking tape.
Image Analysis
Particle shape is another possible way to elucidate stability. Two-dimensional analysis was used to calculate form factor, roundness, and aspect ratio. a form factor or roundness index of one. A particle with a high angularity will have a form factor or roundness index smaller than one. For true spheres, i.e., glass beads, the roundness index was a more accurate predictor of particle shape than form factor. Form factor was more precise with lower standard deviations, however (Table 5 and 6).
It is not clear which index, form factor or roundness, is a better criterion for shape/roundness assessment. Form factor and roundness (Tables 5 and 6 ) did not provide sufficient separation of the materials tested even though there was considerable variation based on visual and measured parameters (Table 1) . For example, in the 0.5-to lO-mm range, the form factor varies from 0.73 to 0.79, and roundness index varies from 0.70 to 0.78 for the natural materials (Table 5 ). This lack of measurable variation makes form factor and roundness less suitable for predicting surface stability than L
The aspect ratio calculated from the maximum axis and minimum axis showed the largest standard deviation among the three indices in the image analysis (Table 7) . This is expected because the length/width relationship for a single particle is highly dependent on the final resting position of the particle when viewed in only two dimensions. When stretched or smoothed from a basic shape, form factor varies with surface irregularities, but not with overall elongation, while aspect ratio has the opposite behavior (Russ, 1995) . It is therefore necessary to use both the aspect ratio and shape/roundness index to describe a particle shape when two-dimensional image is used as suggested by Lees (1963) .
As shown in Table 8 , the weighted values of form factor, roundness, and aspect ratio had a correlation coefficient of -0.85, -0.94, and 0.89, respectively, with the angle at repose.
The weighted mean for coefficient of friction showed a strong correlation to the angle at repose (r = 0.87). The commonly used CD index had a correlation coefficient of 0.25 with the angle at repose (Table 8 ). The smooth glass beads, with a CD value of 6.44, did not have a high angle at repose. This suggests that other factors, such as the shape/roundness factor, may also contribute to surface stability. Extremely high CD does not necessarily result in a proportional increase in angle at repose. This was especially noticed for brick dust that had a CD more than 100 units higher than any other materials. Glass beads and crushed brick were outliers that might have caused the low correlation between the CD and angle at repose.
Eliminating glass beads and crushed brick from correlation analysis increased the correlation coefficient to 0.88.
The I, had a correlation coefficient of 0.61 with the angle at repose (Table 8) . The angles at repose for glass beads and crushed glass were not proportional to their L, This may be caused by the interaction of I r with CD, because a high CD is required for interlocking and high compressibility.
Principle component analysis, using a covariance matrix from the data in Table 8, showed that the first and second principles account for 98.5% of the total variation.
Eigenvectors (coefficients of x's) of the first and second principles, respectively, arẽ (;1 
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:-g~. ..c:: repose is the best factor (Eigenvalue = 0.97) to describe the materials used in this study, followed by the CD (Eigenvalue = 0.77) and If (Eigenvalue = 0.64) indices.
CONCLUSIONS
The results of our study showed that the shape and roundness of sand grains could be expressed by a roughness index as long as surface stability of the sand-based media is the concern. The roughness index calculated from surface measurement includes threedimensional information. The 2-g-sample size used in this study represented a large population. The same amount of grains would require much more time to analyze if twodimensional methods were used. The roughness index is also relatively sensitive and convenient for picking up the differences between materials. One obvious limitation of this method is that it is not suitable for porous materials.
Two-dimensional image analysis also can provide quantitative evaluation of particle shape and roundness. This method is fast, low cost, and more reliable than the visual chart method. This analysis provides area measurement in only two dimensions and does not represent the total surface area of a population of sand particles. There are many ways to evaluate the digital image. The most popularly used indices, form factor and roundness, provided insufficient separation of the diverse sands evaluated in this study.
Internal friction angle is an important factor to predict surface stability. In theory, internal friction angle equals the angle at repose for noncohesive materials. Since angle at repose is affected by coefficient of uniformity, shape/roundness, and real physical coefficient of friction, those factors are therefore important for the surface stability of sand-based sport fields. Principle component analysis indicated that only three factors-angle at repose, CD,
